Rationale: Gender differences in cardiovascular disease have long been recognized and attributed to beneficial cardiovascular actions of estrogen. Class II histone deacetylases (HDACs) act as key modulators of heart disease by repressing the activity of the myocyte enhancer factor (MEF)2 transcription factor, which promotes pathological cardiac remodeling in response to stress. Although it is proposed that HDACs additionally influence nuclear receptor signaling, the effect of class II HDACs on gender differences in cardiovascular disease remains unstudied. Objective: We aimed to examine the effect of class II HDACs on post-myocardial infarction remodeling in male and female mice. Methods and Results: Here we show that the absence of HDAC5 or -9 in female mice protects against maladaptive remodeling following myocardial infarction, during which there is an upregulation of estrogen-responsive genes in the heart. This genetic reprogramming coincides with a pronounced increase in expression of the estrogen receptor (ER)␣ gene, which we show to be a direct MEF2 target gene. ER␣ also directly interacts with class II HDACs. Cardioprotection resulting from the absence of HDAC5 or -9 in female mice can be attributed, at least in part, to enhanced neoangiogenesis in the infarcted region via upregulation of the ER target gene vascular endothelial growth factor-a. Conclusions: Our results reveal a novel gender-specific pathway of cardioprotection mediated by ER␣ and its regulation by MEF2 and class II HDACs. (Circ Res. 2010;106:155-165.) 
H eart failure secondary to myocardial infarction (MI) and ischemic cardiomyopathy is the primary cause of cardiovascular mortality. Cardiac remodeling following MI induces expansion and alterations in the infarcted and noninfarcted regions of the heart and increases internal load, which promotes further stress, dilation, and hypertrophy of the noninfarcted area. 1 Although neoangiogenesis within the infarcted tissue is also an integral component of the remodeling process, the microvascular network that develops following MI is generally unable to support the increased demands of the hypertrophied myocardium, resulting in progressive loss of viable tissue, infarct extension and fibrous replacement. 2 For reasons that remain incompletely understood, premenopausal women appear to be partially protected against remodeling of the infarct area and remote myocardium during the course of ischemic cardiomyopathy because of the presence of estrogen. 3 Estrogen receptors (ERs) are ligand-dependent transcription factors that mediate cardioprotective processes such as vasodilation and angiogenesis, which limit myocardial remodeling after infarction and attenuate cardiac hypertrophy. 4 After estrogen binding, the ER undergoes a conformational change, which allows the receptor to dissociate from chaperone proteins and translocate to the nucleus where it binds DNA and activates estrogen-responsive genes. 5 Like other nuclear hormone receptors, the activity of the ER is also modulated by association with histone acetyltransferases and histone deacetylases (HDACs). 6 There are 2 general classes of HDACs that have been shown to have profound influences on the response of the heart to stress. 7 Class I HDACs (HDACs 1, 2, and 3) are relatively simple in structure, containing only a catalytic domain, which efficiently deacetylates histones. HDACs 1 and 2 function redundantly to control myocardial growth. 8, 9 HDAC2 also functions as a positive regulator of myocyte hypertrophy in response to stress and appears to be a key target for HDAC inhibitors, which prevent pathological cardiac remodeling. 10 HDAC3 has been implicated in the control of cardiac lipid metabolism. 11 In contrast, the 4 class IIa HDACs (HDACs 4, 5, 7, and 9) contain a large N-terminal regulatory domain and a catalytic domain with weak activity. 7 These HDACs exert their functions through recruitment of class I HDACs and other corepressors to transcription factors, such as myocyte enhancer factor (MEF)2.
The response of the heart to biomechanical stress and other forms of pathological signaling is governed by the class II HDACs, HDAC5 and -9, which serve as signal-responsive repressors of the MEF2 transcription factor. 6 In the unstimulated state, these HDACs interact with MEF2 and repress the transcription of MEF2 target genes, whereas on activation of intracellular signaling pathways involving calcium, calmodulin-dependent protein kinase or protein kinase D, these HDACs become phosphorylated, triggering their nuclear export and the consequent activation of MEF2 target genes. Consistent with the roles of HDAC5 and -9 as repressors of pathological MEF2 activity, male mice lacking these HDACs display enhanced MEF2 activity and heightened sensitivity to cardiac stress. 12, 13 In the present study, we investigated the potential involvement of the MEF2/class II HDAC pathway in post-MI remodeling in male and female mice. Whereas male mice lacking HDAC5 or -9 were hypersensitive to the pathological effects of MI, we found, unexpectedly, that female mice lacking HDAC5 and -9 were protected against pathological remodeling of the heart following MI. In the absence of HDAC5 or -9, there is a pronounced increase in expression of the ER␣ gene, which contains essential MEF2 binding sites in its promoter. In addition, HDAC5 and -9 directly interact with ER␣ to repress transcriptional activation of the receptor by estrogen. Upregulation of ER␣ signaling in female mice mutant for either HDAC5 or -9 dramatically diminishes cardiac dysfunction and deleterious left ventricular remodeling following MI. This protection appears to be due, at least in part, to neoangiogenesis in the infarcted region via upregu-lation of the ER target gene vascular endothelial growth factor (VEGF)a. These findings reveal a key role for MEF2 and class II HDACs in the regulation of cardiac ER signaling and the mechanisms underlying the cardioprotective effects of estrogen.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Surgical Procedures and Echocardiography
All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center. Adult age matched HDAC9 knockout (KO), HDAC5 KO mice, and wild-type (WT) mice of either sex received a MI as described before. 14 Sham-operated animals underwent the same procedure without occlusion of the left coronary artery. At 4 weeks of age, mice were either sham-operated or ovariectomized and either left untreated or treated with 17␤-estradiol (0.16 g per day) for 4 weeks as described. 15 Three weeks following MI, echocardiography was performed in conscious mice using the fully digital Vingmed System (GE Vingmed Ultrasound, Horten, Norway) and a 11.5-MHz linear array transducer as previously described. 16 All surgeries and subsequent analyses were performed in a blinded fashion for genotype.
Infarct Size
To measure the infarct size 3 weeks post-MI, the heart was excised, and the left ventricles (LVs) were cut from apex to base into 3 transverse sections. Five-micron sections were cut and stained with Masson's trichrome. Infarct length was measured along the endocardial and epicardial surfaces from each of the cardiac sections, and the values from all specimens were summed. Infarct size (in percentage) was calculated as percentage of infarcted LV versus total LV circumference. Values represent the average of 3 slides per animal. 17
Histology and Histochemistry
After collection, heart tissue was either cryoembedded or incubated for 30 minutes in Krebs buffer (118 mmol/L NaCl, 4.7 mmol/L KCL, 1.2 mmol/L KH 2 PO 4 , 1.2 MgSO 4 , 25 mmol/L NaHCO 3 , 11 mmol/L glucose) to arrest the heart in diastole, fixed in 3.7% paraformaldehyde, and embedded in paraffin. Sections were stained with hematoxylin/eosin to visualize infarcted area (nϭ3 to 6 in each group). To examine the capillary density, all sections were incubated with biotinylated Griffiona simplicifolia lectin (Vector Laboratories, United Kingdom) for 2 hours at room temperature, as described previously. 18 The number of capillaries was counted under microscopy for 5 random fields in the remote, border zone, or infarcted region of each longitudinal slices in both WT and HDAC9 KO female animals post-MI.
RNA Extraction and RT-PCR Analysis
Total RNA from the infarcted area, including the border zone region, was isolated using TRIzol (Invitrogen). A 10-g aliquot representative of 3 animals per sample group was then analyzed on Affymetrix U74Av2 microarrays. A subset of differentially expressed RNAs was further characterized by either semiquantitative PCR or quantitative real-time PCR (see Online Table I for primer sequences).
In Situ Hybridization
Section in situ hybridization was performed on fresh-frozen tissue 4 days after either sham surgery or MI as described, 19 with some minor modifications because of the use of cryosections. The coding regions of VEGFa and VEGFr2 were subcloned into pCDNA, linearized, and transcribed as follows: antisense VEGFa, BamHI, and T3; antisense VEGFr2, NotI, and T7 (generously provided by Dr T. Sato, University of Texas Southwestern Medical Center). 
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Electrophoretic Mobility-Shift Assays
Oligonucleotides corresponding to the conserved MEF2-binding site in the ER␣ regulatory region and the mutated MEF2-binding sites were used to detect MEF2 binding (see Online Table II for primer sequences). Annealed oligonucleotides were radiolabeled with [ 32 P]dCTP using the Klenow fragment of DNA polymerase and purified using G50 spin columns (Roche). Nuclear cell extracts were isolated from COS-1 cells that were transfected with pcDNAMYC-MEF2C. Reaction conditions of the gel mobility-shift assays were previously described. 20
Generation of ER␣ Reporter Constructs
A mouse genomic DNA fragment covering either the region from Ϫ3990 to ϩ1 relative to the ER␣ transcription initiation site was isolated from genomic DNA C57Bl6. These ER␣ promoter fragments were cloned into pGL2 luciferase vector as a KpN/Nhe fragment. Mutations of the MEF2 sites were introduced into the sequence by PCR-based site-directed mutagenesis. All constructs were verified by DNA sequence analysis.
Cell Culture, Transfection, and Luciferase Assays
MYC-and FLAG-tagged derivatives of MEF2C, asHDAC9, and asHDAC5 and the signal-resistant counterparts (S259/498A, adH-DAC5 SϾA) have been described. 6, 21 Primary rat cardiomyocytes were prepared as described. 22 Eighteen hours after plating, cells were infected with adenovirus for 2 hours and subsequently cultured in serum-free medium for 48 hours before collection. Both COS-1 and HeLa cells were maintained in DMEM with FBS (10%), L-glutamine (2 mmol/L), and penicillin-streptomycin, and transfections were performed as described previously. 6 COS-1 cells were transfected with pcDNAMYC-MEF2C to obtain nuclear cell extracts for electrophoretic mobility-shift assays (EMSAs). HeLa cells were transfected with a reporter construct containing 3 estrogen response elements (3ERE-Luc), full-length ER␣, and increasing concentrations of either HDAC5 and -9 and ␤-galactosidase (internal control) reporter plasmids using Fugene 6 (Stratagene) according to the instructions of the manufacturer. Luciferase activity is reported as the fold induction compared with that of empty 3ERE-Luc alone.
Relative promoter activities are expressed as luminescence relative units normalized for ␤-galactosidase expression in the cell extracts.
Glutathione S-Transferase Pull Down
Glutathione S-transferase (GST)-ER␣ was generated by subcloning PCR amplified fragment into EcoRI and XhoI sites of the pGEX-KG vector, whereas GST-dHDAC9 (aa131-586) was subcloned in the pGEX-KG vector as a XbaI-XhoI fragment. The GST pull down was performed as described previously. 6
Statistical Analysis
Data are shown as meansϮSD. Comparison between 2 groups were analyzed by the 2-tailed Student's t test. Values of PϽ0.05 were considered statistically significant.
Results
The Absence of HDAC5 and -9 Protects Female Mice Against Post-MI Cardiac Remodeling
To explore the potential influence of class II HDACs on gender-specific responses of the heart to injury, we compared the cardiac remodeling responses of male and female WT and HDAC5 and -9 KO mice following MI. Survival up to 3 weeks after MI was comparable in WT males and females (63% versus 65%, respectively). Whereas a dramatic decrease in survival was evident in HDAC5 and -9 mutant males (36% and 40%, respectively), female mice deficient for HDAC5 and -9 displayed remarkably improved postinfarc-tion survival (85% and 83%, respectively) especially in the first week after the insult ( Figure 1A ). Echocardiography 3 weeks after MI surgery indicated that left ventricular diastolic dimension, left ventricular systolic dimension, and fractional shortening worsened severely in both male and female WT mice, whereas there were no differences in the sham-operated animals. The loss of cardiac function was even more dramatic for male HDAC mutant A, Post-MI mortality was comparable between male and female WT mice. Whereas male HDAC5 and -9 mutant animals had an elevated mortality compared to WT, females lacking HDAC5 or -9 showed an increase in survival after MI (WT males, nϭ13; WT females, nϭ17; HDAC5 KO males, nϭ15; HDAC5 KO females, nϭ16; HDAC9 KO males, nϭ16; HDAC9 KO females, nϭ16). B, Cardiac function was measured by echocardiography 3 weeks after permanent left coronary artery ligation. The data demonstrate progressive dilation and loss of contractile function in WT mice as indicated by left ventricular systolic dimension (LVIDs) and fractional shortening, whereas the loss of cardiac function was substantially attenuated in female HDAC5 and -9 KO mice (nϭ5 in sham groups; nϭ9 to 10 in MI groups). *PϽ0.05 vs corresponding WT group. C, The infarct size 3 weeks post-MI expressed as a fraction of the total cross-sectional circumference of the LV indicates that the infarct size in HDAC5 and -9 KO females is significantly smaller than the infarct size in WT females (34% and 37% vs 55% in WT, nϭ4). *PϽ0.05 vs corresponding WT group. D, Hematoxylin/eosin staining on transverse section 3 weeks post-MI shows the infarct of HDAC9 KO females to be nontransmural because of the presence of an additional layer of surviving cells at the epicardial surface of the infarcted area. The region in the box is enlarged in the lower panel. 
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mice (data not shown). However, both parameters were significantly preserved in HDAC5 and HDAC9 mutant females compared to WT females, indicative of bettermaintained cardiac function ( Figure 1B , Online Table III , and Online Figure I ). The fact that genetic deletion of both class II HDACs leads to the protection in females points to a threshold of class II HDACs below which there is a protective effect. Three weeks after MI, morphometric analysis indicated the presence of cardiac hypertrophy and concomitant signs of cardiac failure, such as an increase in lung weight, in WT females, whereas this pathological remodeling response was lacking in the HDAC5 and -9 mutant females (Online IV, only shown for HDAC9 KO females). Infarct size measurements as percentage of LV circumference indicated 55% of the LV to be affected by the infarct in WT females, whereas the infarct accounted for 37% and 34% of the LV in HDAC5 and -9 KO females, respectively ( Figure 1C ). Histological examination of the infarcted area clearly indicated the pres-ence of a distinct layer of surviving cardiomyocytes at the epicardial surface of the infarcted region in the HDAC9 KO females ( Figure 1D ). Because of the presence of this additional layer of muscle cells, the integrity of the infarcted area was better maintained after MI and likely prevented the heart from dilating to the same extent as in the WT mice, which results in a better maintenance of cardiac function post-MI.
Upregulation of VEGFa in the Infarcted Region of HDAC9 KO Females
Gene expression analysis to further explore the mechanistic basis of gender-specific cardioprotection in HDAC mutant females indicated that a collection of genes implicated in ER signaling was expressed at significantly higher levels in the infarcted areas of the HDAC9 KO females compared to their gender-matched WT littermates (Online Table V ). Because of the obvious restriction of the cardioprotective effect of class II HDAC deletion to females, the upregulation of genes involved in ER signaling, and previous reports on the in- volvement of HDACs in the ER signaling pathway, [23] [24] [25] [26] [27] we speculated that class II HDAC removal led to an increase in expression of ER target genes.
One of the beneficial effects of estrogen on the cardiovascular system is to improve myocardial perfusion by the formation of new capillaries and by the enlargement of preexisting collateral vessels, when the myocardium is deprived of blood. 28 -31 One key regulator of this proangiogenic response is the ER target gene VEGFa, which encodes an extracellular ligand for its corresponding endothelial receptors flt-1 (Fms-related tyrosine kinase 1, or VEGF receptor 1) and flk-1 (fetal liver kinase 1, or VEGF receptor 2). 2, [32] [33] [34] [35] Real-time PCR analysis indicated numerous angiogenic factors to be more highly expressed in the infarcted area of the HDAC9 KO females compared to WT females. VEGFa and its receptors (VEGFr1 and VEGFr2) were upregulated most dramatically (68-, 12-, and 20-fold versus WT, respectively) ( Figure 2A ). This observation is consistent with the fact that VEGFa induces expression of its receptors to create a positive feed-forward loop allowing endothelial cells to become responsive to and activated by VEGF. 33 The expression levels of the angiogenic factors tested did not differ in the shamoperated animals between either sex of WT and HDAC9 KO animals, nor did they differ between male and female HDAC9 KO mice (data not shown).
During the first few days following MI there is a neoangiogenic response within the infarcted tissue. In situ hybridization 4 days after MI indicated that VEGFa and VEGFr2 expression was significantly induced in the border zone, which was even more pronounced in the HDAC9 KO females ( Figure 2B ). This indicates that removal of class II HDACs in females increases the expression of VEGFa and its downstream receptors, which likely promotes cardioprotection after ischemic damage.
To visualize the vasculature, we used Griffonia Simplicifolia lectin I (GS-I) as an endothelial surface marker. 18 There was a regular distribution of capillaries around cardiomyocytes in both sham-operated groups, with no detectable differences is vessel density. Three weeks after MI, the border zone of the infarcted area contained regions of low vascularity in the WT animals, which was even more decreased in the infarct. However, both the border zone and the infarcted region of the HDAC9 KO females appeared to be highly vascular, with enlarged, thin-walled vessels ( Figure 2C ). The number of capillaries that was counted in the remote, border zone, or infarcted region of longitudinal slices in both WT and HDAC9 KO female animals post-MI indicated there to be no difference in vessel density in the remote region, whereas this number was significantly increased in the border zone of the HDAC9 KO females ( Figure 2D ). These findings suggest that the cardioprotection observed in HDAC5 and -9 mutant females is attributable, at least in part, to an increase in vessel formation post-MI, which might involve VEGFa, because prolonged VEGFa expression in the myocardium results in a high density of vessels with enlarged lumens. 32
Cardioprotective Effect Dependent on Estrogen
Based on the fact that the cardioprotective effect after MI in the absence of class II HDACs appeared to be restricted to females, and the known interaction between HDACs and ER␣, we speculated this gender-dependent response in the class II HDAC-null background to be attributable to an enhancement of cardiac ER signaling. To explore this hypothesis, we subjected HDAC9 mutant females at 4 weeks of age to ovariectomy, followed by supplementation of a physiological dose of estrogen or a placebo pellet before we induced MI. Ovariectomy in these females before MI resulted in a thin dilated infarcted region, whereas additional estrogen supplementation again inhibited the infarct to become transmural ( Figure 3A) . In line with the functional data, we observed an increase in post-MI mortality in the mutant ovariectomized group, although this increase was abolished in the presence of estrogen supplementation ( Figure 3B ). Although ovariectomy at baseline had no overt effect on cardiac function in the mutant females, MI phenocopied the decrease in cardiac function present in WT females after MI, whereas supplementation of a physiological dose of estrogen in these animals resulted in a comparable resistance to cardiac dysfunction post-MI, as seen in the HDAC9 KO females ( Figure 3C and Online Table VI ). However, short-term estrogen supplementation in male HDAC9 KO animals was unable to reverse the remodeling and induce the protective effect seen in females (data not shown). It is likely that this is because of the ongoing adverse cardiac remodeling that took place because of the extended absence of HDAC9 in these males. 12, 13 The levels of circulating estrogen did not differ at baseline between WT and HDAC9 mutant females (data not shown).
These data indicate that the reduction of the maladaptive alterations of both the remote myocardium and the infarcted area in the postinfarcted heart of HDAC9 KO females is likely attributable to an enhancement of estrogen signaling because ovariectomy in HDAC9 KO females results in a post-MI response comparable to WT females and subsequent addition of estrogen can recapitulate the cardioprotective effect before ovariectomy.
Regulation of ER Expression by MEF2 and Class II HDACs
Class II HDACs associate with MEF2 and inhibit MEF2dependent transcription. 36, 37 To determine whether loss of HDAC5 and -9 might enhance cardiac ER signaling through upregulation of the receptor isoforms via MEF2, we scanned the 5Ј flanking regions of both the ER␣ and ER␤ genes and identified 2 conserved putative MEF2 binding sites located between Ϫ3990 and ϩ1 bp relative to the translation initiation codon of the ER␣ gene ( Figure 4A ). EMSA was used to check for binding of MEF2C to the putative MEF2 sites of the ER␣ promoter using nuclear extracts from COS-1 cells transfected with a MYC-MEF2C expression plasmid and the radiolabeled MEF2 site. Both MEF2 consensus sequences bound MYC-tagged MEF2C avidly, with the highest binding seen for the sole perfect MEF2 binding sequence (site 2). The MEF2-DNA complex was supershifted by anti-MYC antibody and was abolished in the presence of an excess of the unlabeled cognate DNA sequence or the prototypical MEF2 site from the muscle creatine kinase enhancer, 38 which was used as a competitor, whereas a mutant sequence that did not bind MEF2C failed to compete for MEF2C binding ( Figure 4B) .
Reporter assays transfecting the 4-kb enhancer fragment fused to luciferase into COS-1 cells indicated this region to be responsive to MEF2, which was further enhanced by the MEF2 coactivator myocardin. Mutating MEF2 site 1 was unable to abrogate MEF2 transcriptional activation, whereas a comparable mutation of site 2 completely abolished transcription, indicating that MEF2 responsiveness is dependent on the MEF2 site located 770 bp upstream of the transcriptional start of the ER␣ gene ( Figure 4C) .
To determine whether the expression of ER␣ in cardiomyocytes is regulated by MEF2 and its interaction with class II HDACs, we infected neonatal rat ventricular myocytes with increasing amounts of an adenovirus expressing antisense HDAC5 or -9. Real-time PCR analysis indicated a dose-dependent increase in ER␣ expression with loss of these class II HDACs ( Figure 4D ). Additionally, adenoviral overexpression of MEF2C induced the expression of ER␣, and this effect was blunted in the presence of an increasing amount of a signal-resistant HDAC5 mutant, referred to as HDAC5S/A, which functions as a MEF2 super-repressor ( Figure 4D ). 6 Consistent with the conclusion that HDAC5 and -9 negatively regulate the expression of ER␣ in vivo, ER␣ expression was significantly upregulated in cardiac samples of both HDAC5 and -9 KO animals, whereas ER␤ expression levels were unchanged ( Figure 4E and data not shown). We conclude that MEF2 binds directly to the regulatory region of the ER␣ gene and is responsible for the increased expression of ER␣ in the absence of either class II HDAC5 or -9. Although the class II HDACs 4, 5, and 9 all bind, HDAC1 failed to interact with ER␣ in this assay. B, To map the domain of interaction, GST alone or GST-ER␣ was incubated with the indicated [ 35 S]methionine-labeled HDAC5 deletion mutants. The HDAC mutants lacking the MEF2 binding domain failed to interact with ER␣ in this assay.
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Class II HDACs Regulate ER Signaling by Direct Interaction With ER␣
Because HDAC1 and 4 have been shown to downregulate the transcriptional activity of ER␣ by directly interacting with the receptor, 27, 39 we aimed to determine whether HDAC5 and -9 could also interact with the receptor. For this purpose, full-length ER␣ was fused to GST, expressed in Escherichia coli, and tested for the ability to associate with in vitro-translated HDAC4, -5, -9, and -1. Whereas the class II HDACs 4, 5, and 9 interacted with ER␣, we were unable to detect an interaction with HDAC1, a class I HDAC ( Figure 5A ). To map the region of class II HDACs that mediates the association with ER␣, we assessed the capacities of a series of HDAC5 deletion mutants to associate with GST-ER␣ ( Figure  5B ). Deletion of residues from amino acid 260 to the carboxyl terminus of HDAC5 had no effect on ER␣ binding. Similarly, an N-terminal deletion mutant lacking the CtBP binding domain (mutant 51-C) interacted with ER␣, whereas deletion mutants lacking the MEF2 binding domain failed to bind ER␣.
To determine which region on ER␣ was able to interact with class II HDACs, we used GST-HDAC5 (aa131-586) and generated a series of ER␣ deletion mutants. ER␣ contains the following functional domains: a hormone-independent transcription function domain (AF-1); a DNA-binding domain; a hinge region containing 3 nuclear localization sequences that mediate the translocation of the receptor from cytosol to nucleus; and a conserved ligand-binding domain, possessing dimerization and hormone-dependent activation functions (activation function [AF]-2). 40 Whereas an N-terminal deletion mutant lacking the ligand-binding domain was able to interact with HDAC5, this interaction was absent using N-and C-terminal deletion mutants lacking the nuclear localization sequence domain. We therefore conclude that the MEF2 binding domain in class II HDACs directly interacts with ER␣ by binding to the nuclear localization sequence domain ( Figure 6A ).
Because class II HDACs are known to interact with the nuclear receptor corepressors SMRT and N-CoR, we predicted that the association of these HDACs with the ER would inhibit ER function by repressing its transcriptional activity. Indeed, transfection experiments in HeLa cells showed significant suppression of the ER-dependent reporter 3ERE-Luc reporter with both HDAC5 and -9 in a concentration-dependent manner ( Figure 6B ). Combined treatment of cells with ER␣ and the HDAC inhibitor trichostatin A (TSA) resulted in robust synergistic activation of ER␣ transcriptional activity ( Figure 6C ). Together, these findings suggest that class II HDACs are capable of direct interaction with ER␣ and repress the transcriptional activity of the receptor.
Discussion
Estrogens protect the female heart against cardiovascular disease. 3 Through its nuclear receptor, estrogen can attenuate left ventricular hypertrophy, enhance angiogenesis, improve contractility, and prevent pathological cardiac remodeling after ischemic insult. Our results show that class II HDACs play a key role in the regulation of cardiac ER signaling and that removal of either HDAC5 or -9 elicits a cardioprotective mechanism in female mice that is dependent on signaling through ER␣ (Figure 7 ). Class II HDACs associate with MEF2 and inhibit MEF2 dependent transcription. 13, 36 This Figure 6 . Class II HDACs repress the transcriptional binding activity of ER␣ through direct binding of the MEF2 domain with the N terminus of ER␣. A, To map the domain of interaction, GST alone or GST-HDAC5 was incubated with the indicated [ 35 S]methionine-labeled ER␣ deletion mutants. The ER␣ mutant lacking the nuclear localization sequences failed to interact with class II HDAC5 in this assay. B, HeLa cells were transfected with 3ERE-Luc, full-length ER␣, and increasing concentrations of either HDAC5 and -9 and ␤-galactosidase (internal control) reporter plasmids. Luciferase activity is reported as the fold induction relative to empty 3ERE-Luc alone. ER␣ induces luciferase activity which is dosedependently decreased by the presence of either HDAC5 or -9. C, Titrating in either HDAC5 or -9 both severely reduces the transcriptional activity, whereas HDAC inhibition by TSA, a pharmacological HDAC inhibitor, strongly enhances the transcriptional activity of ER␣. phenomenon applies not only to post-MI remodeling, because the age dependent cardiac remodeling seen in male HDAC5 and -9 mutant animals is also largely absent in female littermates (Online Figure III) . Our data demonstrate the ER␣ gene to be under control of MEF2 and to be upregulated in the absence of either HDAC5 or -9, providing a mechanism to account for the cardioprotection observed in HDAC5 and -9 mutant females.
Modulation of ER Activity by HDACs
In response to pathological signals, class II HDACs are shuttled from the nucleus to the cytoplasm, allowing for activation of MEF2-dependent gene expression (reviewed elsewhere 41 ). Thus, our results predict that cardiac stress should induce ER␣ expression. In line with our predictions, ER␣ expression has been shown to be increased in both male and female human hypertrophic and end-stage failing hearts. 42, 43 In addition to regulating gene expression through MEF2, class II HDACs interact with other transcriptional regulators. SMRT and N-CoR interact with nuclear receptors and repress the activity of the receptors through the recruitment of either class I or class II HDACs. 44 Transcriptional repression of N-CoR and SMRT is mediated by multiple repression domains, which engage distinct HDAC complexes. Whereas class I HDACs interact with SMRT and N-CoR indirectly through mSin3, class II HDACs directly interact with SMRT and N-CoR through a different repressor domain. 45 Kraus and colleagues have shown that ER␣, but not ER␤, is a target for acetylation by p300 and have identified acetylation as modulator of the ligand-dependent gene regulatory activity of ER␣. 46 Besides the fact that the recruitment of HDACs to the ER would promote chromatin condensation of ER target genes, the transcriptional activity and estrogen sensitivity of ER␣ is enhanced by p300-induced acetylation of the receptor itself, which can be increased by TSA. 46 In this study, we show that, in addition to this distinct manner of interaction between class I and II HDACs with the SMRT/N-CoR corepressor complex, and in contrast to class I HDACs, class II HDACs directly interact with ER␣. These findings reveal a substantial difference between nuclear receptor corepressor-HDAC complexes involving either class I or II HDACs and provide a rationale for a distinct, tissue-specific recruitment of HDACs by the SMRT/N-CoR complex to regulate the transcriptional activity of ER␣.
Modulation of Angiogenesis by Estrogens
Irrespective of whether class II HDAC removal enhances cardiac ER signaling through upregulation of the receptor, through an increase in transcriptional activity of the receptor, or a combination of both, our findings have important implications because of the beneficial effects of ER signaling on the heart. Estrogens are capable of inducing angiogenesis both in vitro and in vivo 47 and have been postulated to induce myocardial revascularization post-MI. Although the mechanisms involved in the proangiogenic effects of estrogen are probably multifactorial, upregulation of VEGFa, its receptors, and additional angiogenic proteins is clearly involved. 48 -52 Estrogen is able to regulate VEGFa expression by increasing the recruitment of ER␣ and p300 to Sp1 bound to the promoter of the VEGFa gene. 53 Recruitment of hypoxiainducible factor 1␣, another key regulator of the transcriptional response during oxygen deprivation, is also required for the increase in VEGFa expression in response to estrogen. 53 The requirement of both hypoxia-inducible factor 1␣ and ER␣ to induce VEGFa expression would be in line with our data, because we were unable to detect a significant difference at baseline in expression level of angiogenic factors in HDAC mutant mice, whereas post-MI, the absence of class II HDACs caused an exaggerated expression of angiogenic factors in females, with VEGFa being the most dominant. We speculate that the exaggerated VEGFa expression in the border zone of the infarcted area on removal of class II HDACs enables the endothelial cells of the existing coronary network to branch and thereby improve the perfusion of the ischemic myocardial tissue, preventing infarcts from becoming transmural. However, the protective effects of estrogen include many facets of heart disease. Estrogen inhibits the development of pathological hypertrophy and changes the expression of a number of cardioprotective genes such as nitric oxide synthase and heat shock proteins 54 -56 and alters a number of genes involved in metabolism such as those encoding lipoprotein lipase, prostaglandin D2 synthase, and PGC-1␣ (peroxisome proliferator-activated receptor ␥ coactivator 1␣). 55 The most highly upregulated gene in the HDAC9 mutant females compared to WT females was PPARBP (peroxisome proliferator-activated receptor binding protein) (TRAP220), a transcriptional coactivator that directly enhances the activity of the ER. 57 How this cofactor might contribute to cardioprotection remains to be determined. Conceivably, the protective effect seen in the mutant class II HDACs females reflects the net effect of a combination of these responses.
HDAC Inhibitors and the Heart
Reduced post-MI remodeling through enhanced angiogenesis is only one of the many cardioprotective responses induced by ER signaling. Our data imply that removal of class II HDACs likely constitutes a more general effect of cardioprotection through enhancement of this signaling cascade. Interestingly, HDAC inhibitors have shown efficacy in humans and animal studies in suppressing tumor cell growth and hypertrophy. 58, 59 Although to date, 1 in vitro study reported on selective inhibition of class II HDACs, 60 the in vivo efficacy and utility of such inhibitors needs to be tested. Future studies will provide insight into whether it is possible to enhance ER signaling through the use of HDAC inhibitors, and, if so, whether this will not only increase estrogendependent cardioprotection by the ER but also the neuro-and musculo-protective effects of ER signaling. Finally, increasing the transcriptional activity of the ER by relieving it from the repressive effects of class II HDACs may prove beneficial in numerous cardiac pathologies because of the broad spectrum of beneficial cardiovascular effects of ER signaling. 
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